The floating wire technique was applied to characterize the focusing properties of the D2 spectrometer magnet to be used in the ANKE installation of the COSY Jülich accelerator facility. Trajectories corresponding to 140-600 MeV/c ejectiles emerging from a target in front of the rectangular-type D2 magnet were measured in order to determine the location of foci where detectors for the physics experiments were to be placed. The focus for trajectories of the same momentum was localized by varying the trajectory start angle at the target. To overcome the problem of instability, which arises when the pulley has to be located behind the focus, an unbalanced pulley was used. Other improvements include methodological features such as the particular design of our air-bearing pulley enabling a ''freezing-in'' of the wire movement and therefore yielding a very high accuracy of the wire position measurement, the use of a 40 m gold-plated tungsten wire best fulfilling the mechanical and electrical requirements, a fast-regulating power supply in combination with an absolutely calibrated current meter, and the excellent accuracy of modern surveying instrumentation. An overall momentum accuracy of ⌬p/pр10
I. INTRODUCTION
The ANKE dipole spectrometer facility for the momentum separation of particles ejected from proton-induced reactions at internal targets has recently been installed in the COSY Jülich cooler-synchrotron ring. 1 The installation consists of three rectangular dipoles, D1, D2, and D3, forming a triangle-like chicane in one of the straight sections of the accelerator ring. The three magnets guide the circulating COSY beam through a thin target in front of D2 and at the same time D2 is used for the separation of ejectiles emitted in a forward direction. One of the experiments performed is the near-threshold production of K ϩ mesons. 2 They have to be selected from a huge background of protons and mesons. A combination of different particle detectors, called telescopes, placed at the focus surface of the spectrometer magnet solves this task. The required experimental accuracy was to be able to locate the focus position of a certain momentum within 1 mm where the momentum should be known with 10 Ϫ2 relative accuracy. The well-known floating-wire technique ͑FWT͒ appeared to be a rather straightforward method to directly determine the necessary foci for the fixed geometry of the K ϩ experiment. Other experiments with different geometries of target and detectors 1 demand a more general knowledge of trajectories through the magnet. Here, numerical ray-tracing techniques based on field maps have to be applied. The availability of measured and calculated field maps 3 permitted-as an important crosscheck 4 -the comparison of the FWT results with trajectories calculated for the same geometry.
Some decades ago, the FWT was commonly applied to determine the magnetic properties of spectrometer and especially accelerator magnets. [5] [6] [7] A current-carrying wire freely floating in the magnetic field is balanced by the equilibrium of magnetic force and a mechanical tension force. The tension force is usually produced by running the wire over a balanced low-friction pulley and hanging a weight from it. The wire takes a position representing the trajectories of a charged particle of a certain momentum. The focus formed by trajectories of the same momentum is found by varying the start angle of trajectories at a predefined target point in front of the magnet. Straight trajectories can then be measured in the field-free region outside the magnet. The obtainable accuracy is determined by ͑i͒ the friction and hysteresis of the pulley and the wire, ͑ii͒ the accuracy of the wire position measurement, and ͑iii͒ the stability of the magnetic field and the current in the wire. 6 Using air-bearing pulleys, accuracies of ⌬p/p from 10 Ϫ3 to 10 Ϫ4 were reported. 8, 9 The wire remains stable as long as the tension force is applied in front of the focus. Steffen has discussed the instability of the wire when the tension force is applied behind the focus and how to overcome the problem by using, e.g., an unbalanced pulley. quired in some cases placing the wire position measuring device behind the focus. Therefore, it was necessary to study the principle of the unbalanced pulley in detail. The overall momentum accuracy in the physics experiments is expected to be ⌬p/ pϳ10
Ϫ2 . In order to be precise enough, our FWT apparatus was devised to have an accuracy of ⌬ p/p ϳ10 Ϫ3 . We report on the results and on improvements to the FW techniques and methodologies for the D2 spectrometer magnet.
II. EXPERIMENTAL ARRANGEMENT AND PROCEDURE
A. The principle of the floating-wire technique Figure 1 gives a schematic view of our FWT setup at the D2 magnet illustrating the measurement principle. The D2 magnet is a rectangular C-type magnet with outer pole dimensions of 1400ϫ658 mm 2 . The pole edges are canted with 45°and 60°phases yielding a pole face area of 1240ϫ460 mm 2 . The gap height is 200 mm. The starting position of the wire in the midplane of D2 is fixed by a small wheel which is part of a motor-driven spool mechanism to vary the wire length. The whole spool mechanism can be rotated around the vertical axis thereby defining the start angle of the wire. This axis is located at the designated target position 300 mm in front of the D2 poles and 80 mm off the longitudinal axis of the magnet. The wire is passed through the magnet gap and hung over the pulley. The tension of the wire is produced by the weight with mass m fixed to the free end. Supplied with a certain current I, the wire freely floats in the magnet field following the trajectory of a single-charged particle with a momentum p.
The relationship between tension force F, current I, magnetic field B, and momentum p of a particle with charge state q is given by
where is the radius of the trajectory curvature in meters and F, I, B, and p are in units of N, A, T, and GeV/c, respectively. 5, 6 With Fϭgm, m in grams, and gϭ9.811 ms
Ϫ2
, the local value ͑Aachen͒ of the acceleration of gravity, the momentum p in MeV/c is obtained:
pϭ2.9413 m/I. ͑2͒
The pulley is oriented to the direction of the wire by rotating it around the vertical axis. The position of the trajectory is measured outside the magnetic field by a set of rulers on the measuring table. By varying the wire length and at the same time moving the pulley slightly alongside the measuring table, different start angles can be set. A predefined angle is adjusted when the wire is aligned to the angle control ruler directed towards D2 ͑Fig. 1͒. Extrapolation of the trajectories until they cross determines the focal point for the given momentum. Repeating the procedure with different current values and different measuring table positions, the foci for all desired values of momenta are found.
A number of practical difficulties had to be overcome in order to exploit this elegant principle with the desired accuracy. The planned physics experiments with D2 required the determination of trajectories in the momentum range from 140 to 600 MeV/c at a maximum field of about 1.6 T. Figure  2 illustrates a floor-plan geometry of D2 with the accelerator beam trajectory and trajectories for two momenta, 140 and 500 MeV/c, assuming a hard-edged field of 1.6 T with an approximate effective length and width of 1500 and 758 mm, respectively, given by the outer dimensions of the poles plus half of the gap height. The expected focus is indicated by the dashed line. Provided the magnetic field is stable and constant during the measurements, the accuracy depends essentially on how accurately the tension force can be determined. An air-bearing design for the pulley is a common technique to reduce friction to a negligible amount. 8, 9 Absolute current measurements of the order of ⌬I/Iϭ10
Ϫ4 can easily be achieved today. The challenging problem was the fact that for low momenta, from 140 to 300 MeV/c, the measuring table with the pulley could only be placed behind the focus ͑Fig. 2͒. With a well-balanced pulley, the wire is not stable under such conditions. The wire is pulled into the field or drops out of it. 5 In the detailed theoretical investigation by Kosodaev 10 and in the first experimental demonstration by Bounin and Milman 11 it was shown how the wire can be stabilized by using an unbalanced pulley, for instance, by attaching a small weight (⌬m) at the periphery of the pulley ͑Fig. 1͒. Since the movement of the wire is connected with a turning of the pulley in one direction or the other, the restoring force around the inherent equilibrium position of the pulley prevents the wire from moving away. If the wire length is precisely adjusted such that the pulley, acting as a physical pendulum, moves back to this equilibrium position determined without the wire, the tension force is again well defined. The unbalanced pulley also permitted a ''force-free'' current connection to the pulley. A piece of 40 m tungsten wire was fixed at the position of the pendulum weight and led in a wide bend to the power supply connector ͑Fig. 1͒.
As a consequence of such a setup, the measuring table can always be located at or close to the crossings of the trajectories. The accuracy of the crosspoint determination is appreciably improved in this case, since long-distance extrapolations are avoided. The positions of the measuring table and the target with respect to the magnet were determined by modern surveying techniques applying a specially selected high-precision theodolite 12 which measures angle and distance at the same time by using prismatic reflectors at the magnet, the measuring table, and the target position ͑Fig. 2͒. For the target position measurement the target wheel is replaced by a prismatic reflector.
The choice of the wire is another point of practical importance. In order to cover the whole range of foci, wire lengths from 3.5 m for 140 MeV/c to 5.7 m for 600 MeV/c had to be used. A gold-plated tungsten wire 40 m in diameter fulfilled all electrical and mechanical requirements. With currents form 0.09 to 0.21 A and a weight of about 10 g, momenta from 320 to 140 MeV/c could be defined. A weight of about 20 g was used for the range from 650 to 280 MeV/c. The use of two different weights was necessary so as not to exceed the safety regulation limit of 60 V of the current power supply. The resistance of the wire at 0.21 A was about 90 ⍀/m, and the maximum electric power was then not more than 4 W/m, which kept the temperature of the wire below 100°C. With weights between 10 and 20 g sagging of the wire was calculated to be negligible ͑less than 2.5 mm͒ while the wire was still flexible enough to be manipulated.
B. Pulley design and properties
The design of our air-bearing pulley fabricated from low-permeability stainless steel is shown in Fig. 3 . 13 Compressed air enters axially into the inner cylinder, is distributed through radial holes into the 0.05 mm split lifting the outer coaxial cylinder with the wire guiding disk and flows out radially along the gaps formed by the two side disks. The width of the side gaps, about 0.25 mm, is adjustable in order to achieve self-stabilization of the outer cylinder with respect to small axial forces. The outer cylinder with the wire guiding disk has a weight of 70 g. The diameter of the groove bottom is 60 mm. The air pressure required to lift the disk is approximately 0.5 bar. Clean dry air from a central compressed-air pipeline was used via a pressure-control valve. During the measurements we applied a pressure of about 1.5 bar. The pulley was fixed to a support which allowed the pulley groove to be aligned with the direction of the floating wire. The support was mounted on a motordriven table so that the pulley was horizontally movable along the measuring table. An integral part of the pulley device was a thin pointer fixed to the wire-guiding disk in order to control the zero position of the unbalanced pulley ͑see Fig. 1͒ . At the tip of the pointer at a radius of 80 mm the reading precision was Ϯ0.3°. This corresponds to a wire length variation of Ϯ0.16 mm. The wire spool mechanism was therefore equipped with a precision gear with manual fine control.
The performance of the pulley was investigated with respect to the concentricity between the pulley groove and the surfaces upon which the air acts. Attaching a 200 mg weight of the periphery of the wire guiding disk, the well-balanced pulley was transformed into a physical pendulum. Using the 40 m tungsten wire, two 20 g weights were suspended to the left and right of the pulley. Adding additional small weights of some milligrams on one or the other 20 g weight, left and right displacement angles of the pendulum were measured over a range of about Ϯ45°as a function of the additional weights. This procedure was repeated for the other three sectors of the disk. The deviations from the ideal displacement function indicated the inhomogeneities of the concentricity. Deviations of up to 60 m radius variations were found. However, a 90°wide region could be selected where the radius was constant within 20 m. This region was used for further application. The value of the radius variation in the selected sector was confirmed by observing wire displacements through a measuring microscope ͑magnification 30͒ while turning the pulley over a range of 150°. In addition, the pulley revealed a slight intrinsic moment of rotation caused by the air flow in the split which was found to be about ͑10Ϯ5͒ mg equivalent load. This intrinsic moment of rotation, referred to as the ''turbine effect,'' only has to be considered for the balanced mode. In the unbalanced mode it is compensated by the pendulum action. The uncertainty of Ϯ5 mg stems from air-flow-induced fluctuations which can also be interpreted as friction. This uncertainty is included in the reading error of the equilibrium position.
C. Operational procedure
The pendulum weight necessary for stabilizing the wire if the pulley is placed behind a focus can be estimated following the theory of Kosodaev. 10 The weight should be as light as possible so that the uncertainty of the pointer reading does not contribute too much to the uncertainty of the wire tension. However, a system close to instability becomes impractical due to the low oscillation frequency around the equilibrium state. A weight of ⌬mϭ0.8 g for the 10 g load ͑1.2 g for 20 g͒ attached at the periphery of the pulley was found to be appropriate. In these cases the oscillation frequency of the pulley was acceptable ͑Ϸ0.5 Hz͒. The pointer reading uncertainty was about the same as the uncertainty caused by the turbine effect.
The principle of the unbalanced pulley enabled a specific experimental procedure to be applied which turned out to be extremely advantageous. Cutting the compressed-air flow allowed the oscillating pulley to be stopped exactly in the equilibrium state. In this ''frozen state'' the reading of the wire position at the table was highly reproducible. At the beginning of the investigations, additional slow movements of the wire were observed due to fluctuating convective heat losses from the hot wire. This effect was avoided by reducing the regulation time constant of the wire current power supply.
To find the equilibrium of the wire in the unbalanced mode is slightly more complicated since the wire length is no longer a free parameter. Wire length and position of the pulley have to be adjusted alternately until the pulley pointer is back in its zero position under the condition of a welldefined wire start angle. A typical time needed for this operation was 15 min so that a full set of measurements for one momentum could be performed in about 2 h. Nevertheless, comparing the main error sources of the balanced and unbalanced mode, we would always prefer the unbalanced mode because it avoids the extrapolation of trajectories which introduces random errors in wire position readings at the measuring table. The main random error in the unbalanced mode-the uncertainty of the pulley pointer reading-can be kept small compared to the other errors ͑see Table I , Sec. IV͒.
D. Wire-position determination
The position of a wire stretched over the measuring table was measured by a set of four 0.5 m long rulers with 0.5 mm scaling mounted on a 700ϫ560 mm 2 ϫ20-mm-thick aluminum plate. The rulers were mounted on the table at relative positions of 0, 101.1, 250.5, and 535.1 mm. Mirrors below the rulers enabled a parallax-free reading. The height of the measuring table was adjusted such that the wire passed 3-4 mm above the rulers ensuring good visibility of the wire and its image. Placing a lens on a glass plate about 100 mm above the table and illuminating the wire from the side made ruler readings with a precision of Ϯ0.1 mm possible.
The table plate was made of a special stress-free Al alloy. It was accurately machined to be flat within 0.1 mm. Four precisely machined boreholes to accommodate the prismatic reflectors were arranged in a rectangle with lateral lengths of 610Ϯ0.05 and 350Ϯ0.05 mm ͑Fig. 2͒. The coordinates of these four prism positions together with two magnet positions and the target position were determined for each separate table location. The basic coordinate system of a measurement is formed by the position of the theodolite and a reference prism placed in the prolongation of the magnet axis. Applying appropriate coordinate transformations, the wire positions on the table are finally transferred into the D2 reference coordinate system with its origin at the center of the magnet ͑Fig. 2͒. A least-squares fit to the four points obtained for each trajectory was used in order to obtain information about the straightness of the trajectories and about uncertainties of their position and direction.
The target position only 300 mm away from the iron edge is already located in the fringe field. In order to provide a well-specified start angle, the curvature of the trajectories was taken into account. The deviation of the wire from a straight trajectory 150 mm in front of the target point was theoretically determined and checked by a 1 mm parallax-free mirror scale mounted on the angle control ruler ͑see Fig. 1͒ .
III. RAY-TRACING CALCULATIONS BASED ON FIELD MAPS
The ANKE dipoles D2 and D1/3 were designed on the basis of three-dimensional field map calculations. The MAFIA code 14 has turned out to be the most appropriate tool. 3 In order to verify the theoretical results, D2 was experimentally investigated using an appropriate field-mapping machine. 15 In the physics experiments, ray tracing is a necessary prerequisite for momentum reconstruction. The GEANT code 16 is 
ϭ0, ͑3͒
where B(z,x) is the local magnetic field value taken from the field map by interpolation and Bϭ3.3356p is the magnetic rigidity (Tm) of a particle with momentum p ͑GeV/c͒. The measured and calculated field maps are given in a 20ϫ20 mm 2 grid. Since the measured map in the horizontal plane covers only 80% of the range necessary for ejectile trajectories of interest, the measured map was complemented by the calculated map. 3 The numerical accuracy of the MATH-EMATICA calculations was checked by tracing a hypothetical trajectory in the forward direction and, using the result obtained, back to the target. A maximum deviation of 0.2 mm from the starting point is only seen in the longitudinal direction for low-momentum trajectories where the bending angle is large. During the FWT measurements the characteristic maximum field value B max at the center of the magnet was checked by a Hall probe. A nuclear magnetic resonance probe was used to calibrate B max as a function of the supply current over the whole current range. The measured value for 100% current was 1.573 T. Figure 4 shows an overview of the results of the FWT measurements. For each of the six momenta, 140.4, 207.4, 291.3, 400.3, 500.3, and 600.1 MeV/c, five trajectories were traced with start angles of Ϫ10°, Ϫ5°, 0°, ϩ5°, ϩ10°rela-tive to an assumed accelerator beam angle of ϩ10.6°. For the first three momenta the unbalanced pulley was applied, for the other three the balanced one. The momenta were derived according to Eq. ͑2͒ where the value of the mass m of the weights used ͑9.9847 g in the range 140-320 MeV/c and 19.9233 g in the range 280-650 MeV/c͒ was modified by a few systematic corrections. Expressed in equivalent mass, these were ϩ͑10Ϯ1͒ mg for the piece of wire between the pulley and weight, Ϫ͑10Ϯ5͒ mg for the turbine effect ͑only during measurements with the balanced pulley͒ and ϩ͑7 to 15Ϯ3͒ mg for small magnetic forces acting on the current supply wire when the measuring table was close to the magnet ͑for 140.4, 207.4, 400.3, and 500.3 MeV/c͒. Sagging of the wire may influence the balance of forces and may cause a deviation of the trajectory from the midplane of the magnet where the vertical component of the field strength is lower. In the worst case at a free length of 4 m sagging was 2.5 mm, which is negligible. The geometrical conditions for the measurement were chosen such that they represent a typical application in the planned physics experiments. ͑Maximum magnetic field, target at a nominal position of zϭϪ100 cm and xϭϪ8 cm.͒ The measured target position (zϭϪ99.67 cm and xϭϪ7.86 cm͒ was close to the nominal position. The dashed line in Fig. 4 represents the midplane focus curve for the applied maximum field of 1.573 T.
IV. EXPERIMENTAL RESULTS AND ERROR DISCUSSION
Aberration is not resolved in the global view of Fig. 4 . Only the ϩ10°trajectory for 600.1 MeV/c does not hit the focal point formed by the other trajectories. A magnified view on the focal area clearly resolves aberration. As an example, the aberration pattern for 140.4 MeV/c trajectories is shown in Fig. 5͑a͒ . Here, the pulley was operated in the unbalanced mode. The trajectories near the focus were located at the measuring table yielding the highest possible precision of trajectory position readings. As a check for the overall reproducibility a second 0°trajectory was determined once more after the whole apparatus had been shut down and switched on again the next day. Figure 5͑b͒ indicates these two 0°trajectories by a slightly thicker line. A second 0°t rajectory determined with a 1% higher momentum clearly demonstrates a reproducibility of ϳ10 Ϫ3 . It should be noted that before starting a measurement under new conditions the equipment had a 1 h warm up. In order to comment on the overall accuracy it is necessary to study the various error sources in detail. Two kinds of errors can be distinguished: errors involved in the momentum determination and errors influencing the accuracy of the wire position determination. Random errors of wire current and tension force may occur within one set of measurements for a certain momentum and in measurement sets for different momenta. Once the wire is fixed in an equilibrium, we may have dispersion of current readings and dispersion of the tension force ͑see Table I͒. The error sources are mutually independent and, when added quadratically, yield a random error of (⌬ p/p) random ϷϮ3ϫ10
Ϫ4 . The dispersion of the tension force is caused by the uncertainty of the pulley zero point, Ϯ0.3°, comprising fluctuations of the intrinsic moment of rotation, friction, and reading errors. The random error holds within a set of measurements for one momentum as well as for sets of different momenta. The second kind of error is purely of geometrical origin comprising the position and orientation of the rulers on the measuring table as well as position and orientation of the latter relative to the magnet. Finally, there are systematic errors which are the same in all measurements ͑Table I͒. They are also mutually independent and, added quadratically, yield (⌬ p/p) sys ϷϮ7ϫ10
Ϫ4 . The geometrical errors essentially depend on the distances between crosspoints and the closest ruler. These errors are minimized if the trajectories cross at the measuring table as is the case in the unbalanced mode. This error depends on the accuracy and precision of the theodolite. The manufacturer gives values of 0.001 mrad for the angle and 0.5 mm for the distances. The precisely machined distances of the drilled holes in the table plate yielded a direct measure of the accuracy of the theodolite. Ten measurements of these distances for five different table locations resulted in mean values of 610.11Ϯ0.04 standard error and 350.10Ϯ0.05 mm standard error with a maximum deviation of 0.25 mm compared to 350 and 0.17 mm compared to 610 mm. The 1 m distance between the two marks on the magnet was always accurate within Ϯ0.05 mm. These numbers reveal the high performance of modern surveying instruments and ensure that the absolute locations of trajectory crosspoints relative to the magnet are accurate within Ϯ0.5 mm. Due to the extreme angle accuracy, the orientation error of the measuring table is assumed to be smaller than 2 mrad.
The measured field maps 3 enabled the assumptions to be checked for the various errors of the FWT data. In Fig. 6 measured and calculated trajectories for 291.3 and 500.3 MeV/c are compared in the focus region in a magnified view. The 291.3 MeV/c trajectories were determined with the unbalanced pulley, and the 500.3 MeV/c trajectories in the balanced mode. The agreement with the calculated trajectories is almost perfect. The dot-dashed line refers to 1% higher momentum. The difference between measured and calculated trajectories corresponds to ⌬ p/pр0.5ϫ10 Ϫ3 . It is interesting to discuss the shape of the aberration pattern in view of start angle errors. The five trajectories in Fig. 5 form a kind of triangle with a hyperbolically shaped ''hypotenuse.'' As shown in Fig. 7 , this line ͑the caustic͒ is independent of small input angle deviations. It is formed by the foci of a series of trajectories of adjacent start angles. At the tip of the aberration triangle, however, dispersion of the start angles leads to increasing uncertainty. Using the crosspoint of trajectories in the limit of small angles with respect to 0°enables the unique definition of the focal point. In our case, the crossings of ϩ5°and Ϫ5°trajectories are precise enough for positioning of the detectors.
Tracing the trajectories backwards, starting with the measured trajectories in their focus region, provides another way of assessing the measuring errors. Here, the start angle error is not involved since all trajectories originate from the target point. would move the 500.3 MeV/c ϩ5°trajectory such that it would cross the other trajectories just as optimally as in the 291.3 MeV/c case. However, a clear displacement from the measured target position is evident, which may be due to several systematic errors such as overall momentum errors, and/or table position errors. It should be noted that lack of mechanical precision in mounting the prismatic reflector on the axis of the target rotation mechanism might have been an additional cause. An estimate of the target rotation error is shown as an ellipse around the measured target position. The small rectangle describes the dispersion of theodolite readings. Figure 9͑a͒ shows all the trajectories calculated backwards in the momentum range from 207.4 to 600.1 MeV/c. All the trajectories meet close to the measured target point forming a waist of 2 mm width. Compared to the measured target position the waist seems longitudinally shifted by about Ϫ2 mm. Figure 9͑b͒ shows the ensemble of calculated trajectories superimposed by the various error contributions as discussed (⌬p/ pϭϮ0.07%, ⌬ position ϭϮ1.0 mm, ⌬ orientation ϭϮ2.0 mrad͒. Position and orientation comprise the least-squares errors of trajectories and the assumed errors for the measuring table. The comparison clearly demonstrates that the experimental estimates concerning the errors are correct. The overall results shown in Fig. 9 confirm the precision and the accuracy of the FWT as well as the reliability of the field mapping measurements. It is interesting to note that the applied B max ϭ1.573 T fits well with the FWT results and that the pure MAFIA field, with its B max normalized to 1.573 T, results in a deviation equivalent to a 0.15% too high ͐Bdl product. 3 The availability of an independent method to experimentally determine charged particle trajectories for the ANKE magnet D2 resolved a number of questions about the ray-tracing calculations. It was also shown that modern field map codes like the three-dimensional MAFIA code may deliver results close to the original accuracy goal of ⌬p/pϷ10 Ϫ3 . A double check with a method like the FWT may then provide the desired confidence. Ϫ3 .
